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I Mohamed Henini reports on work on single-electron devices in Japan and from the International Symposium 
on Formation, Physics and Device Application of Quantum Dot Structures (QDS-2000) at Hokkaido University. 
i 
t is predicted that current semi- 
conductor electronics (which 
control the average motion of 
many electrons on a sub-micron 
scale) will soon reach a physical 
limit.The objective of a selected in- 
ter-university national science re- 
search program (sponsored by the 
Ministry of Education, Sci-ence, 
Sports and Culture of Japan) on 
"Single Electron Devices (SED) and 
Their High Density Integration" is 
to break through this limit. 
The two sponsors (closely relat- 
ed to the scientific and technical 
scope of QDS-2000) are members 
of the SED project and Research 
Center for Interface Quantum 
Electronics (RCIQE) at Hokkaido 
University. The topics and people 
involved include: 
1. Prof. K Kawamura (Keio 
University): Physics of quantum 
dots and single-electron transport; 
2. Prof. H Hasegawa (Hokkaido 
University): Control of surface 
and interface of nanostructures 
for SEDs; 
3. Prof. H Sakaki (University of 
Tokyo): SEDs, circuits and archi- 
tectures; 
4. Prof. M Kawabe (University of 
Tsukuba): Development of tech- 
nology for large-scale integration 
of SEDs. 
SED devices control quantum 
mechanical motion of each single 
electron by using nanometre- 
scale quantum dot structures 
where the charging effect, quan- 
tum confinement effect, electron- 
electron interaction, tunnelling 
process etc give as-yet unex- 
plored new possibilities. If the 
wave-particle duality of electrons 
can be precisely controlled in 
quantum structures, then an en- 
tirely new world of "Quantum 
Nanoelectronics" will open up. 
The aim of RCIQE (founded in 
1991 and headed by Hokkaido 
University's Professor Hasegawa) 
is to research nanostructure inter- 
faces of electronic materials, par- 
ticularly advanced compound 
semiconductor materials. 
Specific areas of research in- 
clude understanding quantum me- 
chanical behaviour of electrons at 
nanostructure interfaces, establish- 
ment of technologies to fabricate 
nanostructures with atomically 
controlled interfaces, and the cre- 
ation of novel electron devices us- 
ing nanostructures with controlled 
interfaces. 
Today's electron devices such 
as silicon LSIs and compound semi- 
conductor lasers are key elements 
of electronic systems which trans- 
mit and process the vast amount 
of data needed in the present 
"Information Age". In these devic- 
es the interfaces are essential 
elements for device operation 
because their principles of opera- 
tion use physical phenomena near 
interfaces. 
Figure 1: (a) The main facility at RClQE; (b) schematic diagram of UHV-based growth/fabrication/characterisation systems. 
Courtesy of Professors H Hasegawa and T Fukui (Hokkaido University). 
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Figure 2: (bottom) A schematic diagram of the substrate mask pattern for selective-area 
MOVPE; (top) an SEM image of selectively grown AIGaAs structure, including (right) an SEM 
image showing single dot and wires closely formed. Courtesy of Professors H Hasegawa and 
T Fukui (Hokkaido University). 
In next-generation electronics, 
where the quantum mechanical 
wave-particle duality of electrons i  
fully utilised, surfaces and interfaces 
of nanostructures play far more im- 
portant roles in manipulating the 
wavefunctions of electrons, requir- 
ing atomic-level precision. "Inte- 
rface Electronics in Quantum 
Structure" will therefore be the key 
technological basis of electronics in 
the 21st century. 
RCIQE is equipped with one 
of the largest ultra-high-vacuum- 
based multi-chamber systems in 
the world, installed in a 440 m 2 
cleanroom. Figure l(a) shows a 
UHV-based integrated growth/ 
fabrication/characterisation system 
for study of surfaces and interfaces 
of quantum structures. Use of such 
a system seems inevitable in future 
for fabrication of defect-free quan- 
tum structures. Figure l(b) is a sche- 
matic diagram of the main facility. 
At QDS-2000 F Nakajima et al 
(RCIQE, Hokkadio University, 
Japan) reported the formation of 
GaAs dot-wire coupled structures 
by selective-area MOVPE using a 
novel substrate mask design par- 
tially masked by SiON (see Figure 
2). A GaAs thin buffer and AIGaAs 
layer were grown on the masked 
substrate. 
As the growth proceeded, 
{lll}B and {110} facet sidewalls ap- 
peared at the open area, and both 
facets naturally squeeze AICcaAs 
wire-like channel widths (Figure 2). 
The CraAs growth rate on the (001) 
terrace is much faster than on the 
{lll}B and {110} facet sidewalls. 
The (001) top terrace region was 
pinched-off along the mask pattern 
because of the self-limited growth 
mode.This enabled the formation of 
a diamond-shaped narrow (001) ter- 
race isolated with the wire-like 
(001) terraces. Next they grew a 
AIGaAs/CmAs/AIGaAs QW structure 
on this structure.Their results clear- 
ly indicated that single dots and 
wires were closely formed simulta- 
neously during MOVPE growth.This 
enabled them to fabricate single 
electron transistors (SET) with high- 
er barrier potential. 
E E Vdovin et al (Nottingham 
University, UK) reported an experi- 
mental study of the spatial distribu- 
tion of the probability density of 
the electron eigenfimctions in 
InAs/GaAs elf-assembled QDs.They 
probed the carrier wavefunction by 
magneto-tunnelling spectroscopy, a 
powerful technique for mapping 
out the energy dispersion curves 
of bound states in quantum wens 
and the spatial form of the wave- 
functions of confined states in 
quantum wires. 
This technique is also a test- 
bed for theoretical models of the 
electronic states of this type of 
nanostructure. By rotating the 
magnetic field in the growth 
plane they derived full two- 
dimensional maps of the elec- 
tron wavefunction probability 
densities. These reveal clearly the 
circular symmetry of the dot 
ground state and the characteris- 
tic lobes of the higher-ener- 
gy states (Figure 3). Their data 
was compared with the reported 
calculated probability density 
isosurfaces. 
The general problem of strain 
relaxation in nitride heterostruc- 
tures was addressed by B Daudin 
et al (CEA, France).The relaxation 
might occur either plastically or 
elastically, depending on parame- 
ters such as growth temperature, 
growth rate or lattice mismatch. 
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Figure 3: Distribution in the plane (kx,ky) of 
the square of the Fourier transform of the 
electron probability density for different con- 
fined states of the QD, obtained by measur- 
ing the current as a function of magnetic 
field intensity in the growth plane (x,y). 
(E E Vdovin et al, University of Nottingham). 
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He focused on the elastic strain 
relaxation mode ( found at high 
temperature).  
In both hexagonal- and cubic- 
phase GaN/AlN heterostructures,  
it was shown that the growth of  
GaN on AlN occurs according to a 
Stranski-Krastanov growth mode - 
3D islanding was observed after 
deposition of a bi-dimensional wet- 
ting layer. They studied the mecha- 
nism of the islands, their size and 
shape by AFM and TEM. 
GaN dots in the hexagonal 
phase (where there is a huge inter- 
nal field specific to nitrides) result- 
ed in a very strong red shift of the 
photoluminescence nergy. For 
GaN dots with cubic structure 
(where no internal field is present) 
the PL was always observed above 
the energy of the gap and was 
found to depend on the total 
amount of GaN deposited, which is 
related to the size of the dots. 
Also, it was shown that control 
of the elastic strain relaxation 
mode (i.e. the Stranski-Krastanov 
growth mode) leads to the forma- 
tion of QDs with very strong and 
temperature- independent PL at 
wavelengths from UV to visible, de- 
pending on the size of the dots and 
their crystallographic phase 
(hexagonal or cubic). Preliminary 
results on the feasibility of QD- 
based lasers in the UV range were 
also presented. 
A Lorke et al  (University of 
Gerhard-Mercator, Germany) ob- 
served a dramatic change in mor- 
phology when self-organised InAs 
QDs, grown on GaAs by MBE, are 
covered with a thin layer of GaAs 
and annealed under growth condi- 
tions.The roughly lens-shaped InAs 
islands transformed into nanome- 
tre-sized rings with a well-defined 
centre hole of about 20 nm in 
diameter.The shape transformation 
is not yet well known. However, 
these self-organised InGaAs rings 
were incorporated into an FET 
structure, which allowed them to 
control the voltage-tunable charg- 
ing of the rings with single elec- 
trons and study the electronic 
properties of rings in the pure, 
scatter-free quantum limit. 
Contact: 
Dr M Henini 
School of Physics and Astronomy 
University of N o ~  
Nottingham NG7 2RD, UK 
Tel: +44 115 9515195 
Fax: +44 115 9515180 
E-mai l :  Mohamed.henini 
@nottingham.ac.uk 
MBE and Surface Analysis 
Complete UHV system 
solutions with MBE and 
surface analysis including UHV 
Scanning Probe Microscopy 
State-of-the-art MBE sources 
from Dr. Ebed MBE- 
Komponenten GmbH 
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